We show that the combination of X-ray reflectivity, tryptophan fluorescence spectrum, and fluorescence quenching by bromine provides a useful tool to probe the location of lysozyme in lipid bilayers. To this end, we prepare lamellar complexes composed of phospholipids and lysozyme on solid surfaces using a solutioncasting method. The proteins lie spontaneously between adjacent bilayers in the complexes. The results indicate that lysozyme may penetrate into the lipid bilayers. But the penetration depth is very shallow, and the tryptophan residues do not penetrate beyond the interface between the hydrocardon core and the headgroup region of the lipid bilayer. The penetration becomes saturated when more proteins are incorporated into the lamellar complex. The excess proteins stay in the interlamellar aqueous layers.
I. Introduction
Lipid-protein interaction is relevant to many biological phenomena such as cell leakage, membrane fusion, and lipid mobility. [1] [2] [3] It is also important for food storage because a large number of foods exist in the form of emulsion. Proteins are often used as emulsifiers for food stabilization. [4] [5] [6] On the other hand, phospholipids are widely used to modify medical devices, including biosensors, drug carriers, and urological devices in order to achieve more desirable biological integrations. 7 The adsorption of proteins to lipid layers is recognized as the first event following the implantation of biomaterials and has been shown to play an important role in determining subsequent events such as thrombus formation, foreign body reaction, and other undesirable responses. 8, 9 The function of proteins is realized by their residues, whose capability is greatly affected by their local environment. It is of great importance to study the distribution of proteins in lipid membranes.
A large number of researches have been contributed to the subject of protein-lipid interactions. The adsorption of proteins onto lipid membranes was mainly measured by ellipsometry, circular dichroism 10 and quartz crystal microbalance, 9 which focus on quantifying the amount of adsorbed proteins. Fluorescence microscopy 11 and electrophoretic mobility measurement of phospholipids liposomes 12 were also explored to estimate the adsorption. Such techniques are not able to provide information about the local environment of the proteins. Fluorescence resonance energy transfer from tryptophane in lysozyme to pyrene decorated on phospholipids was used to characterize the protein-lipid interaction. 3 But it is difficult to distinguish whether the amount of bound protein is increased or the distance between donor and acceptor is reduced. Raman spectroscopy gives some direct insight into the lipid/protein interface. The weak scattering signals from proteins make it difficult to probe the subtle changes resulting from the lipid-protein interactions. 4 X-ray reflectivity is a powerful tool to study the structure of phospholipid membranes. 13 Recently, a new method to fabricate stacks of oriented bilayers has been invented. [14] [15] [16] In this method a small drop of phospholipid solution is directly cast onto a flat surface. Highly regular multilayered films of phospholipids can be produced after slow evaporation of the solvent. The method is versatile and easy to operate. We found that the method can be adopted to produce a stack of lipid bilayers with intercalated proteins. The X-ray reflectivity signals are greatly enhanced due to the high degree of orientation of the bilayers. By comparing the protein-induced changes in electron density profile (EDP) of the lipid bilayers, one can readily derive the approximate position of the proteins. However, the EDP revealed from the X-ray reflectivity might sometimes be misleading because the same EDP can be explained by several models. This limit stems from the fact that the phases of the X-rays are lost in the reflectivity measurement. We therefore explored the fluorescence emission spectrum of the tryptophan (Trp) residues to probe the local environment of the proteins. A small change in its location with respect to the lipid bilayers would lead to a significant change in the fluorescence emission spectrum. 17 Furthermore, the unsaturated fatty acid alkyl chain of phospholipid can be covalently linked with bromine atoms, and the characteristics of the outcome is very similar to the original membrane. As bromine atoms are known to be able to quench the intrinsic Trp fluorescence of proteins within a certain distance, they have been effectively used to evaluate the involvement of the Trp-containing regions of the proteins. 18 We used brominated phospholipids with bromine quencher to determine the location of the Trp residues in the bilayers.
Lysozyme is often used as a model to study the interaction between proteins and phospholipids. 2, 3, 19, 20 It is a relatively small (129 residues, 6 of which are Trp; 14.6 kDa; 45 × 30 × 30 Å) and widely existent protein. The bactericidal action of lysozyme may be related to its penetration into the lipid bilayer. 1 In this work, we prepared multilayered complexes of phospholipid and lysozyme using a solution-casting method. The proteins lie spontaneously between the bilayers. From the X-ray reflectivity data, we extracted the EDP of the bilayers, which gives information about the distribution of the proteins with respect to the bilayers. This, together with the width and peak position of the Trp fluorescence spectrum, suggests that lysosome penetrates into the head group regions of the bilayers. But the penetration depth is very shallow.
II. Experimental Processes
A. Materials. Lysozyme (chloride form from chicken egg white) was purchased from Sigma and used without further purification. 1,2-Dioleoyl-sn-glycero-3-phophocholine (DOPC) and 1,2-distearoyl(dibromo)-sn-glycero-3-phosphocholine (DO-(Br 2 )PC) were obtained from Avanti Polar Lipids and used as received (Scheme 1). Distilled water (>18 MΩ·cm) was produced using a Millipore filter system. B. Sample Preparation. The multilayered film was prepared on silicon substrates which were cleaned carefully with acetone and ethanol, and boiled in a mixture of H 2 O:H 2 O 2 :H 2 SO 4 ) 5:1:1 (by volume) for 15 min. They were then rinsed with distilled water, and boiled in a mixture of H 2 O:H 2 O 2 :NH 3 ‚H 2 O ) 5:1:1 (by volume) for 15 min. After that, they were rinsed again and dried in a stream of nitrogen before use. The phospholipid powder was dissolved in methanol (5 mg/mL) and dried in a vacuum desiccator, then redissolved in 5 mM phosphate buffer to a concentration of 5 mg/mL and sonicated for 4 h. The lysozyme was dissolved in the same buffer to a concentration of 20 mg/mL. The solutions were then mixed and gently disturbed at 4°C for 1 h. The concentration of the lipid was the same in all the experiments (2.5 mg/mL), while the concentration of lysozyme was varied from 0.5 to 7.0 mg/mL. A 10 µL sample of the solution was pipetted onto the silicon substrate and the solvent evaporated slowly in a chamber. The sample was then incubated in a container with a 90% relative humidity (RH) to equilibrate for no less than 4 h before measurement. All the operations were carried out at room temperature.
C. X-ray Reflectivity and Fluorescence Measurements. The lamellar structure of the multilayers was examined by the X-ray reflectivity. A sample was located in a stainless steel sample chamber during the measurement (Scheme 2). A sponge containing a mixture of water:glycerol ) 9:1 (by weight) was stuck to the top of the chamber to adjust the RH (about 90%) inside the chamber. 21 The chamber was sealed to make sure that the RH of the atmosphere surrounding the sample remained the same during the measurements.
Fluorescence measurements were performed at 80% ( 5% RH with an F-4500 Fluorescence Spectrophotometer (Hitachi). The excitation wavelength for lysozyme, lysozyme/DOPC, and lysozyme/DO(Br 2 )PC solutions was 305, 300, and 294 nm, respectively, and 280 nm for the multilayers (chosen from the excitation spectrum). The excitation and emission slit widths were all set at 2.5 nm.
III. Results and Discussion

A. X-ray Reflectivity and the Electron Density Profiles.
The EDP of a bilayer can be refined from the reflectivity data via where f(q m ) is the form factor of the bilayer, d is the period of the multilayer, and m running from 1 to M is the index of the Bragg peaks. 22 The magnitudes of f(q m ) are determined from the intensities at the Bragg peaks:
where f 0 ) f S is the reflection of the substrate and f n ) f(q) exp(-idq/2). Due to the mirror plane symmetry of the bilayers, the phases of f(q m ) are reduced to their positive/negative signs only, facilitating the phase problem enormously. 22 The method has been widely used to refine the structure of phospholipid bilayers. It has the advantage that the ambiguity introduced by model simulation can be greatly reduced. Using the algorithm introduced in ref 23, we obtained the EDP of the bilayers. Figure 1 shows the X-ray reflectivity patterns of the multilayers containing different amount of lysozyme. The inclusion of proteins does not disrupt the lamellar structure of the films. Up to the concentration of 7.0 mg/mL, the period of the film is increased from 49.4 Å (curve a) to 63.8 Å (curve i). Examples of the EDPs derived from the reflectivity data are shown in Figure 2 . The center of the profile corresponds to the interlamellar aqueous layer, while the two ends with the lowest electron density represent the terminal methyl groups of the alkyl chains. The two maxima stand for the glycerol-ester and phosphate regions. The solid line in Figure 2 is the EDP of the bilayer in the reference sample prepared with pure phospholipids, from which we can easily identify the hydrophilic headgroup (0.43 e/Å 3 ), the water layer between them (0.33 e/Å 3 ), 
and the hydrophobic chains (0.28 e/Å 3 ). It is noteworthy that a reflectivity curve in Figure 1 alone dose not give the absolute electronic density. The values presented in the brackets are obtained by considering the following factors. At 90% RH, the structure of the lipid membranes in the sample chamber is very similar to that in a bulk lamellar phase such that the electron density of the methylene region can be set to the one given in the literature. 24 The ratio of the volume of the terminal methyl to that of methylene is 1.9. 25 It constrains the integrated size of the electron deficit of the terminal methyl groups. These two values are used to rescale the EDP resulting from the reflectivity. The validity of the method is confirmed by the fact that the resulting electron density of the water layer is in agreement with that given by theory. The same scaling factor is used to obtain the EDP of the bilayer in the multilayers containing proteins which exhibits a similar profile except for the obvious increasing of the headgroup-headgroup distance d HH (from 13.4 Å to more than 20.0 Å) and the evident increasing of the electron density in the center (from 0.33 to about 0.36 e/Å 3 ), indicating that the proteins are located within the interlamellar water layers. Similar phenomena were also observed for samples prepared at pH 5.0 (data not shown). We take the phospholipid bilayer without proteins as a reference. Three parameters, the period d, the headgroupheadgroup distance d HH , and the length of the alkyl chain ∆, are all derived from the EDP and are depicted in Figure 3 . As the concentration of lysozyme increases from 0 to 7.0 mg/mL, the period d increases gradually from 49.4 to 63.8 Å, and the headgroup-headgroup distance d HH increases in a similar manner (from 13.4 to 26.1 Å). The length of the alkyl chain ∆ increases rapidly before the lysozyme concentration of 4.0 mg/ mL. This value saturates when the lysozyme concentration is increased beyond this concentration.
The rapid increase in ∆ before the lysozyme concentration of 4.0 mg/mL reveals the influence of lysozyme on the structure of the phospholipids bilayers. The straightening of the alkyl chains is due to the crowding of the molecules by the penetrated proteins. Above 4.0 mg/mL, ∆ almost does not change any more. Excess proteins lie in the inter-lamellar aqueous layer to increase the headgroup-headgroup distance d HH , and therefore, to increase the period d.
B. Trp Fluorescence Spectrum. We explored the Trp fluorescence spectrum to study what has happened near the lysozyme concentration of 4.0 mg/mL. The peak of the emission spectrum of Trp can vary over a 40-nm range, depending on the polarity and rigidity of its local environment. The emission spectrum shifts to shorter wavelengths if the environment becomes more hydrophobic. 17 On the other hand, the width of the spectrum is a measure of the structural heterogeneity of Trp's local environment. 26 Figure 4 shows the fluorescence emission spectra of Trp for the samples containing different amount of lysozyme. From bottom to top, the position of the peak, i.e., the wavelength of the spectrum maximum (λ max ), exhibits a blue shift at the beginning, then makes a turn at 4.0 mg/mL, and finally moves back to the long wavelength side.
To obtain accurate values of the peak position (λ max ) and the peak width at half-maximum (ω λ ), we used a skewed Gaussian curve to fit the data. 27 It reads as where F and F max are the fluorescence intensities at wavelengths λ and λ max , respectively, and b is the skew parameter. The resulting λ max and ω λ are depicted in Figure 5 . As the spectral width of Trp in an isotropic environment depends linearly on λ max , the resulting straight line in the position-width plot can be used as a reference for judging the structural heterogeneity. 28 This baseline is quite similar for different instrument, 26,29 we therefore take an existing one for use, which was obtained by a linear fit of the spectral characteristics of N-acetyl-Trp-amide in various mixtures of organic and aqueous solvents. 26 It reads as Figure 5a is the position-width plot for different protein concentrations measured at pH 7.0. The points for the same concentration are linked with solid lines for clarity. From this distribution we can derive the hydrophobic and heterogeneous properties of Trp's local environment. The point for the lysozyme solution lies quite close to the baseline due to the full exposure of Trp to water. Mixing of lysosome with DOPC results in a significant blue shift and broadening of the spectrum, indicating an increase in hydrophobicity and heterogeneity.
The environment becomes more hydrophobic and heterogeneous when the proteins are embedded in the multilayers. The width of the spectrum decreases monotonously as the concentration of lysozyme is increased from 1.5 to 7.0 mg/mL. When the amount of the proteins in the film is small, the majority of the proteins contact with both the hydrocardon core and the headgroup region of the bilayer. The degree of heterogeneity is high so that the peak is wide. When the amount of the proteins is increased, many of the proteins stay only in the headgroup region such that the effective heterogeneity of the local environment is lowered. The points follow an arc in the plot which turns around at 4.0 mg/mL (shown by a dashed arrow). The fluorescence spectrum displays a blue shift when the concentration of protein approaches this turning point. Beyond it, a red shift occurs. When the proteins penetrate into the lipid bilayers, they are shielded from the aqueous phase. The hydrophobic environment surrounding the proteins results in a blue shift of the spectrum. The turning point at 4.0 mg/mL indicates a transition from penetration to saturation. Beyond the turning point, the excess proteins have to stay in the aqueous layer so that their Trp residules are exposed to the aqueous phase, leading to a red shift. Samples prepared at pH)5.0 show similar trend except for the shifting of the saturation concentration from 4.0 mg/mL to 5.5 mg/mL ( Figure 5 (b) ). This shift shows that acidic environment promotes the penetration of lysozyme into the membranes, which is consistent with the results reported before. 3, 30 C. Fluorescence Quenching by Bromine. DO(Br 2 )PC is a derivative of DOPC but their characters are quite similar. Bromine is able to quench the Trp fluorescence within a certain distance. Samples prepared by mixing the protein with DO-(Br 2 )PC can therefore be used to determine the location of the Trp residues relative to the hydrophobic core of the bilayers. Figure 6 compares the Trp fluorescence spectra of the samples containing DOPC and DO(Br 2 )PC, respectively. One sees no difference between them. Since the radius of quenching for the bromine atom is 8 ∼9 Å, 31 the distance between the Trp residues and the bromine atoms must exceed this limit. Because Trp has the largest nonpolar surface of all the amino acids, 1 it is reasonable to propose that lysozyme dose not penetrate into the bilayer very far to contact the hydrophobic cores of the lipid bilayer.
IV. Concluding Remarks
In this work, we prepared multilayered complexes of phospholipid and lysozyme. The X-ray scattering signals from these uniformly orientated bilayers are greatly enhanced so that we can probe small structural changes of the lipid bilayers. The proteins are found to lie spontaneously between the lipid bilayers. By comparing the change of the X-ray reflectivity patterns of the multilayers containing different amount of proteins, we learned that lysozyme may penetrate into the lipid bilayers such that the alkyl chains of the phospholipids are stretched because they become more crowded with the penetration of the proteins. But the penetration becomes saturated when the concentration of the protein solution used to produce the samples approaches 4.0 mg/mL. To further understand the local environment of the proteins, we explored the fluorescence emission spectrum of the Trp residues. The width of the spectrum decreases with the increasing of the amount of the proteins, indicating a decrease in heterogeneity of Trp's local environment. The peak position of the spectrum displays a 
